Here, we describe mutations in the Drosophila TSC1 stretch of hydrophobic amino acids as well as two putahomolog (Tsc1). Our interpretation of the Tsc1 mutant tive coiled-coil domains. The TSC2 locus encodes a phenotype differed significantly from that described 1807 amino acid protein called tuberin which includes previously for Tsc2 and caused us to reexamine the Tsc2 mutant phenotype. We conclude that either Tsc1 or Tsc2 mutant cells are large but retain normal ploidy.
Introduction
Mutations in the Drosophila TSC2 homolog, gigas (henceforth Tsc2) result in a dramatic increase in the The tuberous sclerosis complex (TSC) (Gomez, 1988 ) is growth of mutant tissue and a cell autonomous increase characterized by tumorous growths called hamartomas in cell size (Ferrus and Garcia-Bellido, 1976 ; Ito and that arise in a wide variety of tissues including the brain, Rubin, 1999). Examination of mutant cells using confocal skin, heart, and kidneys. Other symptoms of TSC include microscopy led to the conclusion that mutant cells were mental retardation and epilepsy. A feature of TSC is the polyploid with approximately ten times the DNA content presence of giant cells in some lesions, e.g., giant cell of wild-type cells (Ito and Rubin, 1999) . These cells astrocytomas.
seemed to have normal patterns of DNA replication but Approximately a third of the cases are familial and were apparently blocked from entering mitosis. It was display an autosomal dominant pattern of inheritance.
postulated that cells in Tsc2 mutant clones undergo Two-thirds are sporadic mutations. About half of all fanormal growth and progress through rounds of DNA milial TSC cases are associated with mutations at the replication without intervening M-phases. As a conse-TSC1 locus, while mutations at the TSC2 locus account quence, they would become polyploid and larger than for the rest (Young and Povey, 1998) . TSC1 encodes a wild-type cells. 1164 amino acid protein, hamartin, which contains a Here, we describe mutations in the Drosophila TSC1 stretch of hydrophobic amino acids as well as two putahomolog (Tsc1). Our interpretation of the Tsc1 mutant tive coiled-coil domains. The TSC2 locus encodes a phenotype differed significantly from that described 1807 amino acid protein called tuberin which includes previously for Tsc2 and caused us to reexamine the Tsc2 mutant phenotype. We conclude that either Tsc1 or Tsc2 mutant cells are large but retain normal ploidy.
Mutant cells display no block in mitosis but spend less time in the G1 phase of the cell cycle. Tsc1 and Tsc2 mutations also induce inappropriate cell cycle entry in populations of cells that are normally quiescent. We demonstrate that the two genes function together to restrict growth and proliferation and that they interact with known regulators of these processes.
Results

Identification of Mutations in Genes that Restrict Growth and Proliferation
To identify genes that restrict growth and proliferation in vivo, we screened for mutations that result in an increased representation of mutant tissue at the expense of wild-type tissue. Following mutagenesis, homozygous clones of mutant tissue were generated in the eyes of heterozygous animals at high frequency using a FLPrecombinase expressed under the control of regulatory elements from the eyeless gene (eyFLP) (Newsome et al., 2000). Since the wild-type chromosome was marked with the dosage sensitive mini-white gene, we were able to compare the relative amounts of mutant tissue (phenotypically white, no copies of mini-white) with that of wild-type tissue (phenotypically red, two copies of miniwhite). eyFLP-induced mitotic recombination was so efficient that very little heterozygous tissue (orange, one copy of mini-white) was seen. Competition throughout development between the mutant and wild-type clones determined the proportions of red and white tissue in the adult eye. We kept flies ‫%1ف(‬ of those screened) where the representation of mutant over wild-type tissue was increased. Our screens of the four major autosomal arms of Drosophila have identified more than 23 loci that result in an increased representation of mutant tissue (E. Buff, L. Edelmann, K. Moberg, N.T., and I.K.H., unpublished observations). One locus identified in the screen of the right arm of the third chromosome, was a lethal comple- There is no obvious difference in the severity of the the mutant portions of the eye ( Figure 1B) . Sections of the adult retina revealed that mutant ommatidia were cells were larger than wild-type cells as measured by forward scatter ( Figure 2P ). However, the mutant cells larger than adjacent wild-type ommatidia ( Figure 1C) .
clearly fell into 2C and 4C populations as measured by The cell bodies of individual Tsc1 cells were enlarged, the absorbance of the intercalating dye Hoechst 33342 as were the rhabdomeres in the photoreceptor cells. In and thus appeared to have a normal DNA content (Figure ommatidia of mixed genotype the larger rhabdomeres 2P). This result was surprising since it had previously were always mutant, indicating that the requirement for been concluded that Tsc2 mutant cells were highly polyTsc function is cell autonomous ( Figure 1C ). In addition ploid (Ito and Rubin, 1999) . We therefore analyzed the to their increased size, mutant ommatidia occasionally DNA content of cells from Tsc2 imaginal discs and found had missing or extra photoreceptor cells, suggesting a that they also had increased size and a normal DNA defect in either photoreceptor specification or differenticontent ( Figure 2Q ). Ito and Rubin (1999) had estimated ation. Ommatidial misrotations were also observed near the DNA content from confocal images after staining clonal boundaries, which might be a consequence of with a DNA dye. High levels of background staining may the juxtaposition of wild-type cells with larger mutant have led to the erroneous conclusion. cells. Clones of Tsc1 mutant tissue generated in the Cell cycles in the eye imaginal disc are developmenwing ( Figure 1D) (not shown). Thus, mutations in Tsc1 or Tsc2 result in not shown), indicating that the phenotype did not result from increased cell death. Coexpressing Tsc1 and Tsc2 an increase in cell size that is manifest at all stages of the cell cycle. Moreover, Tsc1 and Tsc2 mutant cells posterior to the morphogenetic furrow in the developing eye using the GMR-GAL4 driver reduced the growth of are underrepresented in the G1 fraction when compared to control populations. Instead, they are overrepresented postmitotic cells (data not shown). Thus, the two Tsc proteins function together to restrict tissue growth. in S and G2 fractions ( Figures 3A and 3D) .
We estimated the division times of mutant and wildAs in the eye, coexpression of both genes in the posterior compartment of the wing reduced its size (Figures type cells by counting the number of cells in the mutant clone and its wild-type "twin spot" after a fixed time 4E-4L). Since each cell in the adult wing secretes a single hair, we can infer cell numbers from the number interval. The mutant clones are typically larger than the wild-type twin spot due to increased growth in the muof hairs. We counted the number of hairs in a small rectangular region of fixed size and location in the postetant clone (Figures 3C and 3F) . Cell counts showed a small reduction in the division time (10%-15%) in the rior compartment and compared it with a region of identical size in the anterior compartment (Figures 4I-4L ; mutants when compared to control cells (see Experimental Procedures). Taken together with the altered Table 1 ). The cell density in the posterior compartment was ‫%06ف‬ higher than in control wings, indicating a phasing of the cell cycle, mutations in Tsc1 and Tsc2 appear to shorten G1 by almost 50%. There are small 1.6-fold reduction in cell size. Furthermore, the total area of the posterior compartment of the wing was reduced (6%-14%) increases in the length of the S and G2 phases.
by approximately 2-fold. The inferred cell number in the posterior compartment was reduced by 27%. Thus, the reduction in compartment size is due to both a reduction Tsc1 and Tsc2 Function Together to Restrict Growth and Proliferation in cell size and a reduction in cell number. Neither transgene on its own affected cell or compartment size. We generated fly stocks that expressed either Tsc1 or Tsc2 or both genes under the control of GAL4-responTo examine the effect of Tsc overexpression on cycling cells in the wing imaginal disc, we generated clones sive UAS elements and targeted their expression to the proliferating cells in the developing eye using the eyof GFP-marked cells that overexpress both Tsc1 and Tsc2 (Neufeld et al., 1998) and compared them to wild-GAL4 driver line (Figures 4A-4D ). While overexpression of either Tsc1 or Tsc2 alone had no effect, overexprestype GFP-negative cells growing in the same disc (Figures 4M and 4N) . Coexpression of Tsc1 and Tsc2 causes sion of Tsc1 and Tsc2 together resulted in a much smaller eye ( Figure 4D) . Coexpression of the baculovirus a reduction in the size of cycling cells. Cells overexpressing both Tsc1 and Tsc2 also displayed a relative caspase inhibitor p35 did not alter this phenotype (data (Figures 4O and 4P) .
1999). This size difference was still observed in the presence of
The size reduction of the eye caused by Tsc1 and the caspase inhibitor p35, indicating that the reduction in Tsc2 overexpression was influenced by the expression clone size is not due to apoptosis (data not shown). The levels of cyclins that function in the G1 phase of the cell doubling time of cells that coexpressed Tsc1 and Tsc2 cycle. Overexpression of cyclin D and cdk4 or of cyclin was 16.1 hr, which was longer than that of control cells E alone using the eyGAL4 driver did not affect eye size (11.2 hr) ( Figure 4Q) . Combined with the analysis of the (not shown). However, the phenotype elicited by overexphasing of the cell cycle, these data indicate that all pression of both Tsc1 and Tsc2 ( Figure 6A ) was fully phases of the cell cycle are lengthened in cells that suppressed by the simultaneous overexpression of both overexpress Tsc1 and Tsc2. However, this effect is most cyclin D and cdk4 ( Figure 6B ) or cyclin E ( Figure 6D ) and marked for G1, which is lengthened by 75%. The durapartially suppressed by overexpressing cyclin D alone tion of G2 increases by ‫%74ف‬ and the increase in the (not shown). Conversely, having one mutant allele of duration of S phase is only 12%. Thus, a reduction in either cdk4, cyclin E, or cyclin A enhanced the phenotissue size can be attributed to a reduction in the size type ( Figures 6C, 6E, 
and 6F). of individual cells as well as a slowing down of cell
Increased activity of insulin-mediated signaling, as well as increased activity of dmyc or Ras1 has been proliferation. supplied protein.
to maintain a near normal cell size in a situation where the rate of growth is reduced. An alternate possibility is that Tsc1 and Tsc2 negatively regulate both cell growth and cell cycle progression independently. The increased growth rate of mutant tissue is apparent in both cycling and postmitotic cells. In cycling populations such as the wing disc and in the eye disc anterior to the morphogenetic furrow, mutant clones are larger than the corresponding wild-type twin spots ( Figures  3C and 3F) . The difference in size between the clone and the twin-spot becomes more exaggerated after the cells have stopped dividing, resulting in a greatly increased representation of mutant tissue in the adult ( Figure 1B) .
A major pathway that regulates growth in Drosophila is the pathway that links signaling via the insulin receptor to phosphorylation of the ribosomal protein S6. This is thought to lead to increased ribosome biosynthesis and mass accumulation. Thus, loss-of-function mutations in the insulin receptor (inr) (Chen et al., 1996) 
